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I n t r o d u c t i o n
The inductive loop detector (ILD) system is used nationwide t o provide vehicle passage and/or presence information t o t r a f f i c s u r v e i l l a n c e and control systems. The ILD system is composed of a t y p i c a l l y 1.83 m (6 f t ) by 1.83 m (6 f t ) loop of 3 t u r n s o f 14 A S wire embedded i n t h e pavement. a t r a n s m i s s i o n l i n e t o roadside, and roadside vehicle d e t e c t i o n e l e c t r o n i c s .
The ILD system design has become s t a n d a r d i z e d a s a r e s u l t of considerable experimentation by users and manyfacturers over a nuuber of years. Field problems reported for ILD systems are short presence holding time because o f low s e n s i t i v i t y . u n s t a b l e o p e r a t i o n , and lack of i n t e r c h a n g e a b i l i t y of detector e l e c t r o n i c s from different manufacturers (i.e.,
d e t e c t o r e l e c t r o n i c s must be s e l e c t i v e l y f i t t e d t o some l o c a t i o n s i n order t o o b t a i n s a t i s f a c t o r y o p e r a t i o n ) .
The purpose of t h i s paper is t o present an approximate model of an ILD system which will provide a s s i s t a n c e i n u n d e r s t a n d i n g and solving those problems with I L D systems.
Background
Uost p r i o r a n a l y s e s o f ILD systems have concentrated on t h e o r e t i c a l l y c a l c u l a t i n g the self inductance of d i f f e r e n t l o o p s i z e s and shapes and on t h e effect of t r a n s m i s s i o n l i n e i n d u c t a n c e on s e n s i t i v i t y The Link Inductive Loop A n a l y s i s P r o j e c t f i n a l report 2
contains the development of an equation t o c a l c u l a t e t h e self inductance of a multi-turn rectangular or square loop. Anderson describes t h e d e t e c t o r 3 e l e c t r o n i c d e s i g n for self-tuning, bridge balance, and phase s h i f t loop detector e l e c t r o n i c s . He provides design equations and graphs t o i l l u s t r a t e the effect of d i f f e r e n t l e n g t h t r a n s m i s s i o n l i n e s on the performance of inductive loop detectors. The effect of t h e l o o p q u a l i t y f a c t o r on ILD 
When a v e h i c l e p a s s e s o v e r t h e l o o p i n t h e
pavement. c u r r e n t s are induced in t h e vehicle's undercarriage. The magnetic f i e l d generated from t h e induced currents changes t h e d r i v i n g p o i n t impedance of t h e loop. The loop driving point impedance change is p r i n c i p a l l y a r e d u c t i o n i n l o o p self inductance with a n e g l i g i b l e i n c r e a s e i n l o o p r e s i s t a n c e .
The loop is connected to a t r a n s m i s s i o n l i n e a t t h e s p l i c e box. The transmission line connects t h e loop t o roadside detector e l e c t r o n i c s which i s t y p i c a l l y h o u s e d i n a t r a f f i c c o n t r o l l e r c a b i n e t .
When t h e loop i s i n s t a l l e d o v e r a r e i n f o r c i n g steel mesh i n t h e pavement, t h e magnitude of loop driving point impedance change decreases. The magnitude of the loop driving point impedance change i s further reduced by t h e t r a n s m i s s i o n l i n e . The turning network which is p a r t o f t h e e l e c t r o n i c s r e s o n a t e s t h e e q u i v a l e n t i n d u c t a n c e a t t h e d e t e c t o r terminals. environment cause changes in ILD system electrical parameters which can result in unstable operation.
Vehicle Model
Uoisture and temperature changes due t o t h e
The v e h i c l e is modeled a s a f l a t , p e r f e c t l y conducting plate a t a height above the loop approximately equal t o the average undercarriage height of t h e v e h i c l e .
The width and length of t h e p l a t e a r e equal t o the width and l e n g t h of t h e vehicle. The continuous, perfectly conducting plate can be simulated by a wire grid provided the mesh elements are s u f g i c i e n t l y small. A FORTRAN I V computer program was developed which modeled t h e v e h i c l e by a wire grid. The important effect on d e t e c t o r performance for v e h i c l e s w i t h l a t e r a l and l o n g i t u d i n a l displacement can be s i m u l a t e d w i t h t h i s model. The s i z e o f t h e l o o p r e l a t i v e t o the size of the v e h i c l e is not limited i n t h i s model. I n o r d e r t o s i m p l i f y t h e calculation of loop s y s t e m s e n s i t i v i t y for c a l c u l a t i o n on a small programmable c a l c u l a t o r , t h e rectangular loop simulating the v e h i c l e was set equal t o t h e s i z e o f t h e i n d u c t i v e l o o p i n t h e roadway. When t h e wire g r i d is symmetrically located over a symmetrical loop, the currents induced in the grid by the l o o p c a n c e l i n t h e g r i d i n t e r i o r l e a v i n g a current flowing around the perimeter of the grid provided the grid width and l e n g t h a r e e q u a l t o those of t h e loop. Thus, the grid can be replaced w i t h a wire l o o p e q u a l t o t h e g r i d perimeter. This case r e p r e s e n t s a vehicle centered over t h e loop (i.e., maximum percentage inductance change of the loop). Uagnetic effects on the loop due t o t h e permeable material of t h e v e h i c l e a r e assumed t o be n e g l i g i b l e .
Reinforcing Steel %del
The mesh elements of t h e r e i n f o r c i n g steel are considered sufficiently small and t h e size of t h e mesh s u f f i c i e n t l y l a r g e compared t o t h e l o o p so t h a t t h e steel mesh can be replaced with a n p e r f e c t l y cond u c t i n g p l a n e o f i n f i n i t e e x t e n t .
Based on image t h e o r y , t h e i n f i n i t e l y c o n d u c t i n g p l a n e is replaced w i t h an image loop a t twice t h e d i s t a n c e from t h e loop t o t h e r e i n f o r c i n g steel. Figure 2 i l l u s t r a t e s the geometry of the v e h i c l e and r e i n f o r c i n g steel shorted t u r n model. The d i r e c t i o n of induced currents determines t h e sign of mutual inductance terns used i n t h e f o l l o w i n g c i r c u i t model. Inductive Loop C i r c u i t Uodel for Calculating Loop S e n s i t i v i t r Figure 3 shows the inductive loop. loop simul a t i n g v e h i c l e , and loop simulating reinforcing steel mesh, modeled as an a i r core transformer.
The inductive loop i s t h e primary winding of t h e t r a n s former w i t h t h e shorted turn secondary winding modeling t h e vehicle. This shorted turn winding is movable t o simulate changes in vehicle undercarriage height. The shorted turn secondary winding modeling the reinforcing steel mesh is located at a distance of twice the steel mesh to inductive loop spaoing. 
Loop Resistance
The series loop resistance, RL, is comprised of the direct current wire resistance, Rdc, the high frequency or skin effect resistance, Rac, and the ground resistance, Rg. The most important resistance is the ground resistance which is caused by currents induced in the conductive pavement and subgrade material. The ground resistance may limit loop sensitivity in locations with a large moisture content. The ground resistance is calculated by assming the pavement and subgrade material causes a magnetic loss similar to that of a ferrite or iron core in an inductor. The permeability, P g , o f the pavement and subgrade material is assumed to be one. Appendix I presents a derivation of the ground resistance.
The series loop resistance is: The calculated loss tangent is 0.033 at 100 KHz.
The loss tangent was calculated by subtracting the calculated loop wire resistance froo the measured loop resistance in Table I 
Effect of Transmission Line on Detector Tuning
k s t ILD electronics use a parallel resonant "tank" circuit where the inductance of the "tank" circuit is provided by the apparent loop inductance and the capacitance of the "tank" circuit is provided by the tuning capacitance. Uanufacturers typicially specify the input inductance range of vehicle detector electronics. The apparent detector inductance is calculated by applying equation 37 to the sun of the apparent loop inductance and series cable inductance and is:
The digital frequency,shift detector counts the frequency of the loop oscillator and compares the frequency count with a reference count in memory which is periodically updated. When the loop count exceeds the reference count, a detector output is generated.
Hulscher
and produces counts proportional to the period of the loop oscillator. When the loop period count exceeds the reference period count by a selected number, a detector output is generated. The reference count is periodically updated.
Thel(igital period shift detector is described by Phase Shift Detector Sensitivity
The phase shift, beD. of a parallel resonant "tank" circuit due to a change in "tank" circuit inductance is derived in Appendix I11 and is: 
